Introduction
In response to various stress conditions and hostile environments, microorganisms can form communities of surface-adherent cells embedded in a matrix called biofilm. Biofilms are ubiquitous and are able to form on a variety of surfaces, contaminating food, water sources and medical devices (Donlan and Costerton, 2002) . A more complete understanding of the regulatory mechanisms involved in biofilm formation and how they change with growth conditions may lead to new strategies for successfully controlling its synthesis and treating biofilmassociated infections. Biofilm synthesis is a complex process involving a multitude of gene regulatory pathways. Flagella play a role in bringing cells to surfaces, and has been implicated in other stages of biofilm formation as well; FlhDC acts as the master regulator for flagellar synthesis (Chevance and Hughes, 2008) . Proteins, including curli amyloid fibers, and exopolysaccharides such as PGA contribute to the interaction of cells with surfaces, with each other and contribute to formation of a matrix around the bacteria. The transcriptional regulator for curli synthesis is CsgD (Liu et al., 2014) . PGA synthesis is activated by the transcriptional regulator NhaR (Goller et al., 2006) and translation is repressed by CsrA. CsrA is titrated by CsrB and CsrC, as well as the Hfq-dependent sRNA McaS (Wang et al., 2005; Jorgensen et al., 2013) .
Small RNAs [sRNAs] are known to regulate genes involved in these networks and in the regulation of biofilm formation, with multiple sRNAs regulating expression of FlhDC and CsgD [reviewed in (Chambers and Sauer, 2013; Hengge, 2013, 2014; Van Puyvelde et al., 2013) ]. There are at least 90 sRNAs detected in Escherichia coli (Raghavan et al., 2011) , and a large number of these require the chaperone protein Hfq (De Lay et al., 2013) . Here, we focus on Hfqdependent sRNAs; these sRNAs regulate their mRNA targets at the post-transcriptional level by complementary base-pairing (Updegrove et al., 2016) .
Hfq has been shown to be required for biofilm formation (Monteiro et al., 2012; Bak et al., 2015) , and is considered a master regulator of biofilm under various environmental conditions in S. enterica serovar Typhimurium (Monteiro et al., 2012) . In addition, many of the Hfq-dependent sRNAs play important roles during various stress responses and in regulation of motility (De Lay and Gottesman, 2012; Thomason et al., 2012; Chambers and Sauer, 2013; Van Puyvelde et al., 2013; Zhao et al., 2013) and curli synthesis (Boehm and Vogel, 2012) , all pathways that are known to be important in the biofilm development process. Stress conditions such as changes in growth temperatures or pH, peroxide, high metal concentration and biocides increase biofilm formation in E. coli and other enteric bacteria (Goller et al., 2006; Zhang et al., 2007; Goller and Romeo, 2008) . Three sRNAs, DsrA, ArcZ and RprA play important roles in the induction of the general stress response controlled by the sigma factor RpoS (Battesti et al., 2011) , while at least two others, GadY and SdsR, are members of the RpoS regulon (Opdyke et al., 2004; Frohlich et al., 2012) .
Many biofilm studies have been performed using rich (LB) medium; a smaller portion of these studies have used other media such as colonization factor antigen (CFA) medium and yeast extract-Casamino Acids (YESCA) to study specific regulated genes (Kikuchi et al., 2005; Thomason et al., 2012; Hung et al., 2013; Jorgensen et al., 2013; Bordeau and Felden, 2014) . Here, we overproduced sRNAs to probe the pathways important for biofilm formation in Escherichia coli in both LB and YESCA media. In preliminary experiments, we found that RpoS was needed for biofilm in YESCA, but not in LB, suggesting that a comparison would be useful. Our work demonstrates the complexity of biofilm formation, with different sRNAs affecting this process in different media.
Results

Multiple sRNAs regulate the expression of biofilm
Using a crystal violet assay for the development of biofilm by E. coli K12, we investigated whether overexpressed sRNAs can positively or negatively affect biofilm formation. sRNAs were overexpressed using a library of plasmids, each expressing a different Hfqdependent sRNA under the control of an inducible P lac promoter (Mandin and Gottesman, 2010) . All of the Hfqdependent sRNAs known at the time when this work was initiated were in the library, as was the Hfqindependent CsrB RNA. Strains harboring the vector control or sRNA plasmid were grown at 378C, the plasmids were induced with IPTG and cultures were incubated in microtiter plates at 258C with fresh LBampicillin or YESCA-ampicillin for 24-48 h. Growth was measured using the OD 600 and biofilm levels were determined at OD 550 by staining with 0.1% crystal violet. Those sRNAs with two-fold or greater effects, normalized to the level of biofilm in the plac vector control, are shaded in Fig. 1A and B.
Plasmids expressing sRNAs DsrA, GadY and MicF increased biofilm formation in the library screen. Strains overexpressing MicF increased biofilm formation (fivefold) only in YESCA (Fig. 1B) . Multicopy GadY increased biofilm seven-fold, only in LB (Fig. 1A) . Overexpression of DsrA led to a five-fold increase in the levels of biofilm formation using both types of media ( Fig. 1A and B) . Overall, overproduction of many (19/28) Hfq-dependent sRNAs had significant effects on biofilm formation in at least one of the two different types of media.
In the initial screen, strains overexpressing RydC, SdsR and MicC reduced biofilm formation in both LB and YESCA media ( Fig. 1A and B) . A larger set of sRNAs reduced biofilm two-fold or more in YESCA medium but not in LB, while RybD reduced biofilm in LB but not YESCA (Fig. 1 , compare A and B).
McaS has previously been shown to increase motility and flagella synthesis via activation of flhDC (Thomason et al., 2012) . It directly represses translation of csgD but activates pgaA, causing increased biofilm formation in LB, CFA, and YESCA media (Thomason et al., 2012; Jorgensen et al., 2013) . For reasons not currently understood, we did not observe this activation in either LB or YESCA; in fact, McaS repressed biofilm formation in YESCA (Fig. 1) . Biofilm formation is, in part, activated via McaS interaction with CsrA, and the titration mechanism allows activation of pgaA, leading to biofilm production (Jorgensen et al., 2013) . Consistent with a negative role for CsrA in biofilm formation, overproduction of CsrB, which also titrates CsrA (Weilbacher et al., 2003; Wang et al., 2005) , significantly increased biofilm formation in both LB and YESCA media ( Fig. 1A and B) . CsrB is not an Hfq-dependent sRNA and was not a focus of this work. Because the McaS plasmid did stimulate biofilm in preliminary experiments (not shown) and stimulated pgaA translation in a recent experiment (see below), it seems most likely that the plasmid used in Fig. 1 had acquired a mutation. We cannot rule out loss or mutation of other plasmids in this assay; thus, the list of sRNAs affecting biofilm may be an underestimate.
Deletions of each of eleven of these Hfq-dependent sRNAs were tested for biofilm formation; also included was a deletion of hfq and a deletion of csrB, encoding a negative regulator of CsrA ( Fig. 1C and D) . The deleted sRNAs included all of those that activated biofilm when overproduced (DsrA, GadY and MicF), as well as some of those that showed strong negative effects when overproduced (ChiX, SdsR, RydC, ArcZ, DicF and MicC).
Finally, McaS, previously implicated in biofilm formation, and RprA, known, with ArcZ and DsrA, to activate RpoS translation, were also included. In both LB and YESCA, the deletion of hfq had the greatest effect, essentially abolishing biofilm formation ( Fig. 1C and D) , consistent with a previous study carried out in LB (Bak et al., 2015) . Most of the other deletions had only modest effects, although deletion of mcaS reduced biofilm almost two-fold in LB, and deletion of arcZ, dsrA or gadY all reduced biofilm at least two-fold in YESCA. These differences between LB and YESCA reinforce the idea that different pathways are likely used in the different media.
Although a number of sRNAs had significantly decreased biofilm when overproduced ( Fig. 1A and B) , none of the deletions resulted in more biofilm under these conditions (RydC, ChiX and SdsR for instance, Fig. 1C and D) . One explanation for this is that the effects on biofilm require significant overproduction, for instance to titrate Hfq. We note that ChiX is known to titrate Hfq (Moon and Gottesman, 2011; Ellis et al., 2015; Santiago-Frangos et al., 2016) . If Hfq titration is the basis for the decrease in biofilm, we would not expect the chromosomal level of these sRNAs to significantly perturb Hfq availability. Alternatively, the target perturbed by overproduction of these sRNAs may not A,B. Effect of sRNAs overexpressed from a plasmid library. Stationary phase cultures of WT MG1655 harboring pBR-plac (plac, vector) or a derivative expressing one of 29 different sRNAs from a lac-based promoter were grown at 258C in microtiter dishes and assayed for biofilm formation as described in Materials and Methods. Cells were grown for (A) 24 h of incubation in LB-Amp or (B) 48 h in YESCA-Amp. The fold change relative to the strain harboring the vector control was calculated. The results are an average of three independent experiments, with error bars representing standard deviation. The shaded grey bars indicate over-expressed sRNAs that increased or decreased biofilm formation two-fold or more. C,D. Effect of sRNA deletions. Strains containing sRNA and hfq deletions were grown to stationary phase in LB media and tested for biofilm formation after (C) 24 h incubation in LB or (D) 48 h in YESCA at 258C. Biofilm was measured and the fold change relative to the wild-type MG1655 control (black filled bars), set to 1, was calculated. The results are an average of three independent experiments, with error bars representing standard deviation. The gray bars represent a significant decrease in biofilm formation (of two-fold or greater). Strain names are listed in Supporting Information Table S1 .
be rate-limiting for biofilm formation. For instance, if gene X is required for biofilm formation, but more X does not lead to more biofilm, overproduction of an sRNA that negatively regulates X may eliminate biofilm, but deletion of the gene for the same sRNA may not show a difference in biofilm levels. ArcZ, which negatively regulated biofilm formation when overproduced in YESCA (Fig. 1B) , led to reduced biofilm when deleted, again only in YESCA medium (Fig. 1D) . With the exception of ArcZ, discussed further below, the sRNAs that negatively regulated biofilm only when overproduced were not further investigated.
Here, we focused on four of these sRNAs, the three activators (DsrA, GadY, MicF) and one multicopy repressor, ArcZ. We start by focusing our attention on DsrA, which was a strong activator under both LB and YESCA conditions (Fig. 1) .
DsrA acts through H-NS to promote biofilm formation
In E. coli, DsrA is a three stem-loop 87 nucleotide long sRNA that is known to regulate the translation of two global transcriptional regulators, H-NS and RpoS, by RNA-RNA interactions (Majdalani et al., 1998; Lease and Belfort, 2000; Gottesman, 2004) . DsrA stimulates translation of RpoS, the master regulator of the general stress response; the region of interaction with the rpoS mRNA is in the first stem loop of DsrA (bold type in Fig. 2A ) (Majdalani et al., 1998) . Base pairing occurs upstream of the rpoS translational start site (nt 297 to 2125 relative to the ATG; Fig. 2C ). The global transcriptional repressor protein, H-NS is negatively regulated by DsrA, using the second stem loop (circled in Fig. 2A) , with base pairing occurring just beyond the ATG in the coding region of hns (Fig. 2B) (Lease et al., 1998; Lease and Belfort, 2000) .
Because different regions of DsrA are involved in regulation of rpoS and hns, it is possible to distinguish which targets of DsrA are important for a given phenotype, using appropriate mutations (Fig. 2) . DsrA*h (Fig.  2B ) should disrupt pairing with hns, while DsrA*r disrupts pairing with rpoS (Fig. 2C) . The specificity of these mutants was tested on appropriate translational reporter fusions (Fig. 2D) . DsrA over-expression significantly reduced hns-lacZ expression levels, while the DsrA specificity mutant pDsrA*h lost the ability to repress (Fig. 2D , compare second and third bars for hns-lacZ fusion). The DsrA specificity mutant pDsrA*r, designed to prevent base pairing with rpoS, continued to strongly repress the hns-lacZ fusion (Fig. 2D, fourth bar) . As expected, the effects of these mutations were reversed for regulation of the rpoS-lacZ fusion, with DsrA*h still able to activate this fusion while DsrA*r was unable to (Fig. 2D, rpoS-lacZ fusion) . These results confirm that DsrA regulation of hns and rpoS is independent, as previously seen (Majdalani et al., 1998) and provide tools for asking which of these effects contribute to DsrA regulation of biofilm.
Overexpression of wild-type DsrA transformed in the MG1655 background increased biofilm formation by fivefold in LB (Fig. 3) . A plasmid overexpressing DsrA*h did not stimulate biofilm formation, while expression of DsrA*r had an effect similar to expression of wild-type DsrA (Fig. 3) . This result suggests that negative regulation of H-NS by DsrA may be sufficient for increased biofilm, and that stimulation of RpoS by DsrA is not necessary.
To confirm that it is DsrA pairing with hns that leads to increased biofilm, rather than another target of DsrA that pairs with this same region, we constructed a compensatory mutant, hns*. It was first tested in the hns-lacZ fusion (Fig. 4) and then introduced into the chromosomal copy of hns. As seen in Fig. 4 , right panel, wild-type DsrA and DsrA*r are unable to regulate hns*-lacZ; DsrA*h, which can pair with hns*, can repress it. Note that the basal level of expression of the hns*-lac fusion is reduced significantly, suggesting that this mutation (in the second to fourth codons of hns, Fig. 2B ) reduces translation.
If DsrA is working only through its repression of hns, the plasmid overexpressing DsrA*h should stimulate biofilm formation only when it is able to pair with hns (in the hns* strain). This was what was observed (Fig. 3 , right side); DsrA*h increased biofilm formation in the hns* strain relative to the plac vector control, while DsrA 1 and DsrA*r (unable to regulate the hns* strain)
did not. This experiment confirms that the increase in biofilm formation is specifically due to DsrA negative regulation of hns and not another target. The reduced HNS in the hns* strain did not have a significant effect on biofilm levels (compare level of biofilm in plac (vector control) lanes in MG1655 and hns* strain). This suggests that chromosomally-encoded DsrA regulation of hns is not important for the biofilm levels observed in wild-type cells, since the hns* allele should be resistant to endogenous DsrA. The lack of an effect of endogenous DsrA on biofilm in LB was confirmed by deletion of dsrA (Fig. 1C ). In addition, the lower level of expression of the hns*-lacZ fusion suggests that reducing the levels of hns translation two-fold is not sufficient to increase biofilm. A prediction of these results is that deletion of hns should also increase biofilm. This was confirmed for growth in LB (Fig. 5 ). Under these conditions, deletion of hns mimicked the effect of DsrA overproduction, consistent with H-NS negatively regulating biofilm. An rpoS deletion mutant was also included in the biofilm assay and no changes in biofilm were observed in LB (Fig. 5) . Therefore, under our LB biofilm assay conditions, neither more RpoS (activation by DsrA) nor absence of RpoS affects biofilm levels. We return to the role of RpoS in YESCA medium later in the manuscript.
DsrA and H-NS biofilm targets
H-NS is known to repress multiple genes in E. coli (Bertin et al., 1994; Donato et al., 1997; Soutourina et al., 1999; Chib and Mahadevan, 2012) . We carried out epistasis experiments to try to identify possible critical H-NS targets for biofilm formation. A selected set of genes, each important for specific pathways implicated in biofilm formation, were deleted and tested for biofilm formation in the presence or absence of H-NS or in the cells overexpressing DsrA (Fig. 6 ). In LB, deletion of flhD, the regulator of flagellar synthesis, reduced the basal level of biofilm in hns 1 cells (Fig. 6A , compare lane 4 to lane 1), while deletion of rpoS, csgD (regulator of curli synthesis and other genes associated with biofilm formation) or pgaA, encoding the first gene in the pgaABCD operon for synthesis and export of PGA adhesin, had no effect (Fig. 6A , lanes 2, 3 and 5). However, the increased level of biofilm in either Dhns or pDsrA cells was reduced to or below the level of WT 
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Fig. 2. Interaction of DsrA with downstream targets hns and rpoS.
A. DsrA sequences necessary for interaction with hns are circled and for interaction with rpoS are shown in bold. B. DsrA and hns base pairing shows the DsrA pairing region with hns (Lease et al., 1998) . The nucleotides in DsrA mutated to create DsrA*h and in hns to create hns*, designed to study the role of this interaction in biofilm formation, are shown above or below the sequences. C. Base pairing of DsrA upstream of the rpoS translational start is required to positively regulate rpoS. The nucleotides mutated in DsrA to create DsrA*r are shown above the line. D. Specificity of regulation in DsrA mutants. Beta-galactosidase assays of hns and rpoS translational fusions (HL1061 and PM1409, see Supporting Information Table S1 ) were used to confirm the specificity of pDsrA mutations. pDsrA*r should interfere with pairing to rpoS and pDsrA*h should disrupt pairing with hns. WT pDsrA and each of the mutant plasmids were introduced into the fusion strains. Overnight cultures of each strain grown in LB ampicillin media were diluted 200-fold into fresh LB medium containing IPTG (100 lM), ampicillin (100 lg ml 21 ), and arabinose (0.001%), and incubated at 378C for 6 h. The activity of the hns and rpoS fusions were determined using the Miller assay (Miller, 1992) . The error bars are a representation of the standard deviation of three independent experiments. cells by deletion of pgaA (Fig. 6A , compare lane 7 to lane 6 and lane 12 to lane 11). These results show that the increased biofilm levels observed when H-NS is either deleted or down-regulated by DsrA is dependent on PGA.
In Actinobacillus pleuropneumoniae, H-NS represses the pgaA operon and thus regulates biofilm formation (Bosse et al., 2010) . The regulation of pgaA by H-NS was examined in E. coli, initially using a fusion under the control of the pgaA promoters, that measures both transcription and translation of pgaA. In this strain, deletion of hns increased expression (Supporting Information Fig. S1C , compare lane 4 to lane 1), and also increased activity on Lactose MacConkey indicator plates (Supporting Information Fig. S1B , compare plac quadrant to plac in Supporting Information Fig. S1A ). However, multicopy DsrA had a less dramatic effect, although it showed some induction, consistent with down-regulation of H-NS (Supporting Information Fig. S1A and C ). DsrA specificity mutants tested on Lactose MacConkey indicator plates (Supporting Information Fig. S1A ) were consistent with DsrA acting via repression of H-NS synthesis; pDsrA*h had no effect, and pDsrA*r was similar to wild-type DsrA (Supporting Information Fig. S1A ). Therefore, pgaA is a direct or indirect target of H-NS, but it seems likely from these results that additional H-NS targets contribute to the higher biofilm formation in Dhns cells. We suggest that in hns 1 cells, redundant pathways, possibly including PGA, contribute to the basal biofilm formation so that deletion of pgaA had little or no effect. This is consistent with reports that wildtype MG1655 does not produce much PGA (Itoh et al., 2008) . As noted above, RpoS was not needed for the basal biofilm levels in LB (Figs. 5 and 6A). If anything, lack of RpoS appeared to modestly promote biofilm levels in cells deleted for hns or expressing multicopy DsrA (Fig.  6A , compare lane 10 to lane 6 and lane 15 to lane 11). This is consistent with work suggesting that RpoS can repress biofilm formation in cells assayed in LB media (Ferrieres et al., 2009) .
In two cases, the deletion of hns and overproduction of DsrA gave somewhat different results; we suggest that these reflect differences in the timing and contribution of motility to biofilm development. First, deletion of flhD reduced biofilm in the Dhns strain, but not in the strain overproducing DsrA (Fig. 6A) . The ability of DsrA to overcome the deletion of flhD was still dependent on DsrA multicopy plasmids were used to transform MG1655 and the chromosomal hns* derivative (SC144) to test the specificity of pDsrA*h on biofilm formation. Overnight cultures were diluted to an OD 600 of 0.05 in fresh LB containing ampicillin (100 lg ml
21
) and IPTG (100 lM). These strains were assayed for biofilm as measured by crystal violet staining after 24 h incubation at 258C. Biofilm values for each strain were normalized to the plac vector control. Error bars are a representation of the standard deviation of three independent experiments. Mutations in the hns translational fusion (hns*-lacZ, SC71) were tested for regulation by pDsrA, pDsrA*h and pDsrA*r. Overnight cultures of each strain were diluted 200-fold into fresh LB medium containing IPTG (100 lM), ampicillin (100 lg ml 21 ), arabinose (0.001%) and cultures were incubated at 378C for 6 h. The activity of the hns and hns* fusions were determined as described using the Miller assay (Miller, 1992) . Error bars are a representation of the standard deviation of three independent experiments. the ability to pair with hns (Supporting Information Fig.  S2A ). Second, multicopy DsrA, in strains deleted for pgaA, led to a total loss of the basal level of biofilm; this reduction of the basal level was not seen in cells deleted for hns (Fig. 6A, compare lanes 2, 7 and 12 ). This result suggested that DsrA either negatively affects a target important for the basal level of biofilm or positively regulates a negative regulator of biofilm formation. DsrA is known to stimulate RpoS synthesis, so we asked if RpoS was (indirectly) interfering with biofilm formation in the DpgaA cells. We examined the ability of DsrA to repress biofilm in cells deleted for rpoS, pgaA or a double mutant of pgaA and rpoS (Supporting Information  Fig. S2B ). DsrA again suppressed biofilm in the DpgaA cells; however, deletion of rpoS did not relieve this repression.
If biofilm levels were measured after 48 h (rather than 24 h) in LB, the dependence on flhD disappeared and the repression by DsrA in cells deleted for pgaA also was lost (Supporting Information Fig. S2C ). Note that the basal level of biofilm was somewhat lower at 48 h in LB (compare DflhD::kan; SC124: DrpoS::tet), in Dhns strains (SC134: DpgaA Dhns::kan; SC133: DcsgD::cat hns::kan; SC136: DflhD hns::kan; SC122: DrpoS::tet Dhns::kan) or in the presence of an induced multicopy DsrA plasmid were assayed for biofilm formation.
A. Cultures were grown and diluted to an OD 600 concentration of 0.05 in LB or, for cultures containing plasmids, in fresh LB containing ampicillin (100 lg ml
) and IPTG (100lM), incubated in microtiter wells for 24 h at 258C or (B) in YESCA medium with IPTG and ampicillin as appropriate for 48 h at 258C, and then measured for biofilm by crystal violet staining as described in Materials and Methods. Biofilm formation was determined as OD 570 /OD 600 and the error bars are a representation of the standard deviation of triplicate experiments. level of biofilm at 48 h was no longer repressed by DsrA in the absence of pgaA (Supporting Information Fig.  S2C , compare lane 20 to lane 17). This suggests that DsrA negatively regulates a process needed early but not late in biofilm formation, presumably slowing the process. One candidate would be motility. Therefore, it is possible that DsrA overproduction negatively regulates motility or something else under FlhDC control; this process would be critical, as is FlhDC, at the early stages of biofilm formation, but would, if anything, be detrimental at later times. We would also suggest that the ability of DsrA to stimulate PGA synthesis changes the pathway or kinetics of biofilm formation sufficiently to overcome the dependence on FlhDC. Differences in the kinetics of biofilm formation and thus the dependence on motility genes in cells in which H-NS is totally lost (Dhns), compared to that in cells in which H-NS is down-regulated by DsrA may explain why cells deleted for hns had different behavior (Fig. 6) . Overall, we conclude that, in LB, loss of H-NS, via deletion or via expression of DsrA, increases biofilm in a process that is fully dependent on pgaA. This pathway of biofilm production is independent of RpoS and CsgD, and conditionally dependent on FlhDC.
Biofilm production in YESCA Some sRNAs had effects on biofilm in LB but not in YESCA (GadY, in particular, stimulated only in LB) or in YESCA but not LB (MicF stimulated in YESCA but not in LB) (Fig. 1A and B) . In addition, in previous studies, we had noted a requirement for RpoS for biofilm formation in YESCA (Parker and Gottesman, 2016) , suggesting that different pathways might be responsible for biofilm formation in this media. Therefore, parallel experiments were done in YESCA.
Most strikingly, and consistent with our previous observations, deletion of rpoS or csgD, neither of which were required in LB, significantly reduced basal levels of biofilm formation in the MG1655 strain grown in YESCA (Fig. 6B, lanes 3 and 5) . The defect in csgD cells could not be overcome by deletion of hns, or by overproduction of DsrA (Fig. 6B, lanes 8 and 13) . In general, deletion of hns or overproduction of DsrA had much less effect in increasing biofilm in YESCA than in LB (compare Fig. 6B to A, lane 11 vs. lane 1) . The increase in biofilm in cells deleted for hns was, as in LB, dependent on pgaA (compare Fig. 6B, lanes 6 and 7) . Deletion of flhD reduced biofilm, but not as much as in LB (compare lanes 4 to 1 in Fig. 6A and B) . Interestingly, the deletion of hns fully suppressed the deletion of rpoS in YESCA, consistent with H-NS repression of important downstream targets of RpoS and with a possible inhibitory effect of RpoS in the absence of H-NS.
Thus, when E. coli K12 grows in YESCA, biofilm formation switches from the RpoS-independent, PGAdependent pathway seen in LB overexpressing DsrA to an RpoS-dependent, CsgD-dependent pathway.
Three sRNAs, DsrA, ArcZ and RprA, are known to each activate translation of RpoS [reviewed in (Battesti et al., 2011)] . Consistent with the dependence of biofilm formation in YESCA on RpoS (Figs. 6B and 7B , lane 5 compared to lane 1), we note that deletion of arcZ or dsrA reduced biofilm formation specifically in YESCA medium (Fig. 1D) . ArcZ negatively regulates multiple targets, in addition to activating RpoS (Papenfort et al., 2009; Mandin and Gottesman, 2010; Monteiro et al., 2012) . Overproduced RpoS was fully able to complement the deletion of rpoS for biofilm formation (Supporting Information Fig. S3 , compare rpoS::kan pRpoS, lane 10 to lane 6), but only partially suppressed deletion of arcZ (compare arcZ::zeo/pRpoS, lane 11, to lanes 5 and 9). While these other ArcZ targets important for biofilm development have not been identified, ArcZ has also been shown to be essential for curli-dependent biofilm formation in Salmonella, and this effect is not entirely due to effects on RpoS (Monteiro et al., 2012) . ArcZ also negatively regulates the master regulator of the flagellar genes (De Lay and Gottesman, 2012). Therefore, ArcZ regulates multiple targets that contribute to biofilm formation in YESCA medium, one of which is likely RpoS.
Small RNAs regulate multiple biofilm targets
As noted above, different pathways are important for biofilm formation in LB and YESCA (Fig. 6) , and different sRNAs stimulate biofilm in LB and YESCA (Fig. 1A  and B) . We compared the role of DsrA, discussed above, to two other sRNAs that were observed to increase biofilm, GadY and MicF, in strains deleted for the various pathways (Fig. 7) .
Consistent with the results in Fig. 6 , DsrA stimulated biofilm formation in LB in a manner that was fully dependent on pgaA, but was unaffected by csgD or rpoS (Fig. 7A, compare lanes 4, 8 and 16 ). Note that, as discussed for Fig. 6 , DsrA led to loss of the basal level of biofilm in cells deleted for pgaA (Fig. 7A , compare lane 20 to lane 17).
GadY, like DsrA, stimulated biofilm formation in LB, dependent on pgaA (Fig. 7A , lane 18 compared to lane 2), but was independent of rpoS and csgD (Fig. 7A , compare lane 6 and 14 to lane 2). Unlike DsrA, GadY did not repress biofilm formation in the absence of pgaA (Fig. 7A , compare the effect of DsrA, lane 20 to the effect of GadY, lane 18). GadY also activated expression of a pgaA-lacZ fusion, more than DsrA (Supporting Information Fig. S1A and C). However, GadY does not stimulate pgaA via repression of H-NS, since the stimulation by the GadY plasmid was seen even in cells deleted for hns (Supporting Information Fig. S1B and C) .
We further examined how GadY might act on pgaA expression. McaS, an Hfq-dependent sRNA that regulates some targets by direct pairing, was found to positively regulate pgaA by titrating the translational repressor CsrA (Jorgensen et al., 2013) . This induction was shown to be dependent on GGA sites within McaS and on CsrA binding sites close to the ribosome binding site within the pgaA leader (Jorgensen et al., 2013) . We asked if GadY might act in a similar fashion, based on the presence of two GGA sites in this sRNA (underlined in Fig. 8A ). First, GadY activated translation of pgaA in two fusions, both driven by a pBAD promoter and both activated by McaS as well (Fig. 8B) . One of these fusions contains the full 234 nt leader for pgaA; the other contains only 30 nt of the leader. The fusion with the 30 nt leader has been shown to still be subject to CsrA repression (Jorgensen et al., 2013) . Therefore, GadY activates translation, and at least some of the critical sites are close to the ribosome binding site. Second, mutations were made in each or both of the two GGA sites, changing the A to T. Both mutants were still able to repress a target that pairs with GadY, although with somewhat lower efficiency (Supporting Information Fig.   S1D ). Mutation of A34 to T reduced activation of a transcriptional and translational fusion (Fig. 8C) and of a translational fusion under control of the pBAD promoter (Fig. 8D, left panel) . Inactivation of csrA (right panel in Fig. 8D ) increased the expression of the fusion, as expected. In these cells, GadY and the GadY mutants had similar modest effects, suggesting residual regulation may not be CsrA dependent. (Fig. 8D , compare left, csrA 1 , and right, csrA -, panels). We note that this csrA mutant is not a complete null, and that both CsrB and McaS have been shown to provide some, but reduced activation in this csrA -strain (Jorgensen et al., 2013) .
Therefore, we suggest that GadY, like McaS, activates biofilm formation via increased pgaA expression, and that this is due at least in part to the ability of a GGA site to titrate CsrA. In YESCA medium, overexpression of GadY did not significantly stimulate biofilm formation (Fig. 7B , compare lane 2 to lane 1), consistent with it acting on the pgaAdependent pathway that is not used in YESCA. Strikingly, however, GadY overexpression fully suppressed the need for RpoS, giving biofilm levels that were significantly higher than in the DrpoS host (Fig. 7B , compare lane 5 to lane 6). It seemed likely that biofilm in this case, in the absence of RpoS, was again pgaA-dependent. This was tested by measuring the ability of GadY to stimulate biofilm formation in YESCA in cells deleted for both rpoS and pgaA (Supporting Information Fig. S4 ). Basal levels of biofilm were again decreased in the rpoS::tet mutant, ) and IPTG (100 lM). Biofilm assays were performed after (A) 24 h incubation in LB or (B) 48 h in YESCA media at 258C. Biofilm formation was determined as OD 570 /OD 600 and the error bars are a representation of the standard deviation of triplicate experiments. and were similarly low in the pgaA::kan rpoS::tet double mutant. However, while multicopy DsrA or GadY could stimulate biofilm in the rpoS mutant, they did not in the pgaA rpoS double mutant. These results suggest that in YESCA, biofilm is normally independent of PgaA and dependent on RpoS, and that conditions that might be expected to increase the PgaA-dependent pathway are somehow blocked by RpoS. Thus, there is no additive effect, at least in our crystal violet staining assay, of expressing GadY in an rpoS 1 csgD 1 strain. In some experiments in which the PGA pathway might be activated in YESCA, for instance in the absence of H-NS, there is more biofilm in the absence of RpoS than with it (Fig. 6B , compare lanes 6-10). This suggests that one or more products of the RpoS regulon are responsible for blocking the PGA pathway. A similar, but less striking, stimulation of biofilm was seen in YESCA in cells deleted for csgD (Fig. 7B , compare lanes 14 and 16 to lane 13), but not for cells deleted for flhD (Fig. 7B , compare lanes 10 and 12 to lane 9). A. Sequence of GadY with mutations of GGA sequences (underlined) tested shown below the line. The terminator stem is overlined, as is the short stem around the first GGA sequence. B. Strains carrying pgaA-lacZ translational fusions, each driven by a pBAD promoter, with either the full leader of 234 nt (GS0568; left panel) or truncated to a 30 nt leader (GS0641; right panel) were transformed with a vector, pGadY or pMcaS plasmids, grown to an OD 600 0.2 in LB/amp at 378C before addition of 0.1M IPTG and 0.2% Ara; assayed in triplicate. Note the difference in the y axis for the two fusions. C. Lactose MacConkey indicator plate with NM750, carrying a pgaA-lacZ transcriptional and translational fusion, transformed with vector, GadY and mutant derivatives of GadY. D. Isogenic csrA 1 (GS0644) and csrA::kan (GS0645) strains, each carrying the pBAD-pgaA-lacZ translational fusion with a full leader were transformed with vector control, pGadY and GadY mutant plasmids, grown and assayed as in Figure 8b . Note the different y-axis scales for these two strains.
MicF stimulated biofilm formation only in a wild-type strain in YESCA (Figs. 1A,B and 7A , B, compare lane 3 to lane 1), suggesting it is working via the CsgD/RpoS pathway. It behaved similarly to the vector control in all of the mutant strains in Fig. 7 . Therefore, unlike DsrA or GadY, MicF does not change the pathway for biofilm formation but instead may increase the efficiency with which these cells use the RpoS and CsgD pathway for biofilm formation. MicF represses the major outer membrane porin OmpF, as well as the Lrp and CpxR regulators in E. coli (Mizuno et al., 1984; Delihas and Forst, 2001; Holmqvist et al., 2012; Lee and Gottesman, 2016) . In Salmonella, MicF overexpression decreased expression of the mRNA for bssS, a negative regulator of biofilm (Domka et al., 2006; Corcoran et al., 2012) . All of these genes are possible relevant targets of MicF in our experiments; we did not further investigate what the downstream target(s) of MicF might be.
Discussion
There are many genes, including those encoding sRNAs, that regulate biofilm formation; in this study, we have examined the ability of overproduced sRNAs to affect biofilm formation under both LB and YESCA growth conditions and found that they were significantly different. When sRNAs were overproduced, both positive and negative regulators of biofilm were identified. We focused on the subset of Hfq-dependent sRNAs that increased biofilm formation, as measured by crystal violet staining, when overproduced. These were then tested in epistasis experiments to identify the pathways they acted on. Consistent with a role for sRNAs, deletion of hfq abolished biofilm formation in both LB and YESCA ( Fig. 1C and D) , as previously found by others using cells grown in LB (Bak et al., 2015) . The defect in hfq mutants was more severe than effects of deleting any single one of the sRNAs studied, particularly in LB, likely suggesting that combinations of sRNAs are involved. In addition, hfq mutants have global changes in gene expression and slow growth rates that may lead to more complex effects on biofilm formation.
Our results show two of the alternative pathways that E. coli K12 can use in establishing biofilms, and how changing the expression of an sRNA regulator can shift the bacteria from one pathway to another. While deletion of the sRNAs had only modest effects under our laboratory conditions (Fig. 1C and D) , overproduction of sRNAs allowed us to highlight these alternative pathways, and emphasized the complex cross talk between sRNAs and transcriptional regulators. This is outlined in Fig. 9 and discussed further below.
Basal levels of biofilm differ in LB and YESCA
Requirements for the basal level of biofilm were defined by effects of mutants in various pathways implicated in biofilm formation, in the absence of the sRNA. By this definition, FlhD, the master regulator of flagellar synthesis, is needed in both LB and YESCA (Figs. 6 and 7) for the full level of biofilm. None of the other tested mutants decreased basal levels of biofilm in LB, but mutants in both rpoS, encoding the stationary/stress sigma factor, and csgD, encoding the master regulator for curli synthesis and other genes involved in biofilm formation, abolished biofilm in YESCA (Fig. 6B , compare lanes 3 and 5 to lane 1; Fig. 7B , compare lanes 5 and 13 to lane 1). Therefore, we suggest that in LB the low basal level of biofilm may use multiple redundant pathways. In YESCA medium, CsgD and RpoS played important roles for the basal level of biofilm, while PgaA did not (Figs. 6 and 7) , consistent with previous reports for a minor role of PGA in wild-type E. coli K12 (Itoh et al., 2008) (Fig. 9) .
sRNAs stimulate a PGA-dependent pathway of biofilm formation in LB In LB, increased biofilm was seen in the presence of multicopy DsrA or multicopy GadY or in the absence of H-NS; this increased biofilm was dependent on pgaA, encoding the polysaccharide beta-1, 6 N-acetyl-D-glucosamine outer membrane porin (Figs. 6 and 7) . This pathway, which was independent of both rpoS and csgD, is shown as Pathway 1 in Fig. 9 . Our results show that DsrA stimulates biofilm specifically by negatively regulating hns translation (Fig. 9) . DsrA stimulates biofilm only when it can pair with hns (Fig. 3) , and deletion of hns mimicked the effect of overproducing DsrA in most experiments (Fig. 6) . H-NS repression of pgaA transcription is likely to contribute to this increase (Supporting Information Fig. S1 ), but the pga operon is likely not the only target of H-NS. For instance, H-NS has complex effects on motility, including effects on cyclic-di-GMP regulation (Kim and Blair, 2015) . We do not currently know if H-NS repression of pgaA transcription is direct and/or indirect, for instance, via repression of an activator of pgaA, such as NhaR (Dover et al., 1996; Goller et al., 2006) . Finally, under the growth conditions used here (LB, 258C), chromosomally-encoded DsrA did not contribute significantly to biofilm formation (Figs. 1C and 3) , although it seems possible that there are growth conditions under which DsrA repression of H-NS may be important. We note that deletion of dsrA did have a biofilm-deficient phenotype in YESCA (Fig. 1D) , likely due to the role of DsrA in stimulating RpoS translation.
A previous study demonstrated increased adhesion, a critical process for biofilm formation, on inactivation of hns (Landini and Zehnder, 2002) , although the role of PGA in adhesion was not investigated in that paper. Studies in A. pleuropneumoniae reported that hns mutants led to increased biofilm formation (Dalai et al., 2009; Bosse et al., 2010) , consistent with our findings in E. coli, and that H-NS specifically repressed the pga operon and the expression of the PGA polysaccharide matrix (Bosse et al., 2010) . Our results support a similar pathway for biofilm in E. coli K12, at least in rich (LB) medium, shown both by increased biofilm (Figs. 5 and 6) and increased expression of a pgaA-lacZ fusion in the absence of H-NS (Supporting Information Fig. S1B and C). Still to be explained, however, is why multicopy DsrA was less effective than deletion of hns in increasing expression of this fusion (Supporting Information  Fig. S1 ). Possibly the promoter for pgaA is a particularly sensitive target for H-NS, and residual H-NS present when DsrA is overexpressed was still sufficient for some pgaA repression. Intriguingly, microarray analysis of an hns mutant in A. pleuropneumoniae suggested that, unlike the large number of genes regulated by H-NS in E. coli (Hommais et al., 2001) , only the pgaA operon was up-regulated in an hns mutant (Bosse et al., 2010) .
In contrast to our findings, in another study screening many sRNAs in E. coli, overexpression of DsrA reduced biofilm levels rather than increasing them, and deletion of dsrA modestly increased biofilm (Bak et al., 2015) . The biofilm assays in that study were performed using a 12 h incubation period, at 308C (Bak et al., 2015) , compared to the 24 h at 258C that we used. Although we have not fully explored this difference, we note that these investigators also saw a decrease in motility when DsrA was overproduced. It seems likely that with these short incubation periods, inhibition of motility may be sufficient to explain their observations. As discussed above, at 24 h, deletion of flhD (master regulator for flagellar synthesis) lowered basal levels of biofilm significantly (Fig. 6, compare lane 1 to lane 4, Fig. 7 , compare lane 9 to lane 1, Supporting Information Fig. S2A ), while after 48 h the same deletion increased, rather than decreased biofilm levels (Supporting Information Fig.  S2C , compare lane 9 to lane 1). Bak et al. (2015) detected little effect of DsrA on csgD'-'lacZ, flhD'-'lacZ or pgaA'-'lacZ translational fusions (Bak et al., 2015) , consistent with our findings that DsrA is likely to work primarily via silencing of H-NS, a transcriptional repressor. However, when pgaA was absent, we observed DsrA repression of biofilm in LB (Figs. 6 and 7, Supporting Information Fig. S2B ); this effect disappeared after 48 h (Supporting Information Fig. S2C ). We suggest that this reflects negative regulation of motility by DsrA, and this may also explain the repression of biofilm by DsrA noted by Bak et al. (2015) .
GadY increased PgaA-dependent biofilm (Fig. 7) ; this can be explained by its ability to increase expression of a pgaA-lacZ fusion (Supporting Information Fig. S1 ). While this fusion reflects both transcriptional and translational regulation of pgaA, our further work suggests that GadY stimulates pgaA translation (Fig. 8B) , and may do this by titrating CsrA, a negative regulator of pgaA (Wang et al., 2005) . The stimulation of pgaA is dependent on a GGA sequence, contained in a short hairpin, within GadY, can stimulate pgaA translation even when most of the leader is deleted, and is partially suppressed by a csrA mutant (Fig. 8) . This pattern is similar to that observed for McaS, another Hfqdependent sRNA that has been shown to activate pgaA via CsrA titration (Jorgensen et al., 2013) . Therefore, there may be more bifunctional sRNAs that link the Hfq and CsrA regulons than first thought. Bak et al. (2015) , who found inhibition of biofilm with DsrA overproduction (discussed above), did not find any effect of GadY on biofilm levels, although they did report that GadY repressed swarming and activated translation of pgaA. Possibly these two effects balance out in their experiments. Our findings, in addition to others, suggest that GadY activation of biofilm in LB is primarily via translational activation of pgaA.
RpoS stimulates CsgD dependent biofilm in YESCA medium
Pathway 2 in Fig. 9 depicts the dependence of biofilm in YESCA on both RpoS and CsgD. CsgD, known to be involved in adhesion via production of curli and in biofilm formation, and is a modulator of a subset of genes in the rpoS regulon (Gualdi et al., 2007) . csgD transcription is directly controlled by RpoS (Ogasawara et al., 2010; Battesti et al., 2011) . The requirement for RpoS in YESCA (Fig. 6B, lane 5 vs. lane 1, Fig. 7B , lane 5 vs. lane 1) is likely at least in part due to its role in regulating csgD expression (Hammar et al., 1995) . Deletions of ArcZ or DsrA, both positive regulators of RpoS translation, reduced biofilm formation in YESCA, but not in LB (Fig. 1C and D) , consistent with their effect on RpoS levels, although ArcZ probably has other targets in this pathway (Supporting Information Fig. S3 ).
Consistent with our findings, others have found a role for curli in YESCA, but not in LB. Uropathogenic E. coli (UPEC) strain UT189 was shown to produce a curli and cellulose dependent morphology on YESCA agar and form curli-dependent biofilms when grown in YESCA medium (Lim et al., 2012; DePas et al., 2013) ; other studies have shown that biofilms developed in LB are not curli dependent (Cegelski et al., 2009) .
When MicF was overexpressed, biofilm increased, but unlike the effects of GadY and DsrA, this biofilm was still fully dependent upon RpoS and CsgD (Fig. 7B ) and is only seen in YESCA (Figs. 1B and 7B ). Therefore, it seems likely that MicF, by an as yet undefined pathway, specifically stimulates Pathway 2.
Interference between pathway 1 and pathway 2 Pathways 1 and 2 appear to be mutually exclusive. In our experiments, RpoS interferes with PgaA-dependent (Pathway 1) biofilm production in YESCA (Fig. 9 ). This conclusion is based on the inability of GadY or DsrA to stimulate biofilm in YESCA unless cells also carry a deletion of rpoS (Fig. 7B, lanes 5-8) ; that biofilm was dependent on pgaA (Supporting Information Fig. S4 ). The mechanism of this inhibition remains to be determined. A negative effect of RpoS on biofilm formation was previously reported, with different strains and under somewhat different growth conditions (Corona-Izquierdo and Membrillo-Hernandez, 2002) .
Other work supports an 'either-or' regulation of these two pathways. For instance, the sRNA McaS stimulates the PgaA pathway by titrating CsrA (Jorgensen et al., 2013) , but represses csgD (Jorgensen et al., 2012) . We would predict that further work will uncover further mechanisms for down-regulating one pathway while upregulating the other.
Negative regulation of biofilm by sRNA overproduction
While we did not investigate the basis for negative regulation by many sRNAs (Fig. 1A and B) , we can imagine a number of ways for sRNAs to repress biofilm. CsgD, clearly important for biofilm formation in YESCA, has been reported to be negatively regulated by six sRNAs (Thomason et al., 2012; Bordeau and Felden, 2014) , four of which (McaS, RydC, RprA and OmrB) we saw as biofilm repressors in Fig. 1B . However, RydC is likely to have another important biofilm target, since it also inhibited biofilm in LB, which is not dependent on csgD (Fig.  1A) . We note that there was not a good correlation of sRNAs that inhibited motility in TB agar (De Lay and Gottesman, 2012) with those that inhibited biofilm (Fig.  1A and B) , suggesting that this is not the major pathway for inhibiting biofilm. ChiX, a negative regulator of biofilm in YESCA (Fig. 1B) , is known to effectively titrate Hfq (Moon and Gottesman, 2011; Ellis et al., 2015) and thus overproducing this sRNA may partially mimic the effect of deleting Hfq. It is interesting that ChiX negative regulation was much stronger in YESCA than in LB, suggesting a particularly sensitive Hfq-dependent target for biofilm formation in YESCA, possibly translation of RpoS.
In conclusion, several Hfq-dependent sRNAs are capable of perturbing biofilm synthesis pathways. The variation between different media highlights the redundancy between pathways and the ways in which the cell coordinates alternative regulatory circuits. Our work reinforces previous findings suggesting that positive and negative regulation by RpoS has a role in which pathway cells use.
Experimental procedures
Growth conditions
Strains were grown aerobically at 378C in LB (10 g tryptone, 5 g yeast extract, 10 g NaCl per liter) overnight or until stationary phase. Biofilm formation was performed in 96-well microtiter plates using LB or YESCA (10 g casamino acids and 1 g yeast extract per liter) media (Epstein et al., 2009) . Ampicillin (100 lg ml 21 ), Kanamycin (25 lg ml 
Strains and plasmids
The strains used in this study are listed in Supporting Information Table S1 . Translational fusions in this study were engineered using lambda red recombination (Yu et al., 2000) . The hns*-lacZ fusion was designed by moving the hns-mut1 DNA oligonucleotide into PM1205 (Supporting Information Tables S1 and S2) and selecting on minimal glycerol X-gal plates containing sucrose plates to create strain SC71. Chromosomal hns* (SC144) was designed by first PCR amplifying the ccdB-kan cassette from NM570 genomic DNA, using primers Kn-hnsmut-ccdBfor and Knhnsmut-ccdBrev. Lambda red recombination was used to recombine the PCR fragment into MG1655 containing minilambda::tet (NM1100) (Yu et al., 2000; Court et al., 2003) , and the recombinants were selected using 1% glucosekanamycin agar plates at 328C. This hns::kan ccdB chromosomal deletion, in which the toxin CcdB is expressed from a P BAD promoter (Tripathi et al., 2012) was confirmed using primers (ab05-Dhns::km forward and ab06-Dhns::km reverse). In a second step, the hns::kan ccdB cassette was further replaced by the hns-mut1 oligonucleotide (hns*) as described (Court et al., 2003) . The hns* strain was counterselected using 1% arabinose agar plates and confirmed by loss of kan R and sequencing. The pgaA-lacZ fusion present in NM750 was constructed using a standard PCR (ABI) reaction using pgaA_trnsltnl.F and pgaA_trnsltnl.R primers and MG1655 genomic DNA as template; the region of interest was designed to include the promoter, upstream elements of the promoter, as well as the 5 0 UTR, to the ATG. This region extended from 2502 relative to ATG or 2268 relative to the start of transcription to the ATG. This PCR fragment also contained 40 extra nucleotides on either end that are homologous to the region of insertion in NM580, namely to the zeo R marker on the 5 0 end and to the lacZ ORF on the 3 0 end. This PCR fragment was recombineered into electrocompetent k-Red proficient NM580 cells, recovered overnight on the bench in LB-1% glucose and plated on LB-1% arabinose for counterselection. Recombinants were screened for Kan S and checked by PCR for the correct insertion and sequenced to confirm. The resulting strain was named NM750. This strain was then transduced with P1 to hns::kan to yield NM751 (Supporting Information Table S1 ).
Deletion-substitutions of dsrA (NM607) and arcZ (NM665) were created by introducing PCR products from NM1201 with the appropriate primers (dsrA-zeo.F and dsrA-zeo.F for DdsrA7::zeo and arcZ-zeo.F and arcZ-zeo.R for arcZ::zeo) into NM1100 by recombineering, selecting for zeomycin resistance.
The plasmids used in this study are derived from the pBR-plac vector (Guillier and Gottesman, 2006) (Supporting  Information Table S1 ). Mutations in the pDsrA plasmid vector were constructed using Quik Change Lightning SiteDirected Mutagenesis Kit (Stratagene). The pDsrA plasmid was used to generate mutations in the region important for pairing with the rpoS 5 0 UTR (pDsrA* r ) using primers DsrA*rmut2for and DsrA*rmut2rev; mutations in the pairing regions important for hns (pDsrA* h ) was previously constructed (Lee and Gottesman, 2016 ) (Supporting Information Table S1 ). Small RNA plasmids were introduced into strains using TSS transformation (Chung and Miller, 1988) and deletion mutants were constructed in the chromosome using P1 transduction.
Mutagenesis of pGadY was performed using the QuickChange kit from Agilent (Santa Clara, CA) according to the manufacturer's specifications. Primer sets used for these reactions were gadY_a34t/gadY_a34t-as and gadY_a60t/ gadY_a60t-as. Plasmids were sequenced to confirm the mutations.
Biofilm assay
Strains used for biofilm experiments were grown in LB (with Ampicillin at 100 lg ml 21 where appropriate) at 378C overnight or until stationary phase, using well-aerated tubes in a roller drum rotating at 250 r.p.m. Cultures were diluted to a final OD600 concentration of 0.05 in fresh LB or YESCA, LB 1 amp (100 lg ml
21
) 1 IPTG (100lM) or YESCA 1 amp (100 lg ml
) 1 IPTG (100 lM). Two hundred microliter of each culture was aliquoted into separate wells in a 96-well plate. The wells on the edge of the 96-well plate were avoided as they generate more variance. LB or YESCA media was used as negative controls. Microtiter plates were carefully wrapped using parafilm and placed in a 258C incubator without shaking. After 24 or 48h, the plates were removed and the planktonic cell growth (OD600) was measured using a SpectraMax Plus microplate reader. Planktonic cells were removed using a multichannel pipette without disturbing the biofilm area and individual wells were washed twice using 200 ll of dH 2 O. To stain for biofilm, 220 ll of 0.1% crystal violet solution was added to each well for 10 min and then washed twice with 200 ll of dH 2 O and once with 300 ll of dH 2 O. The plates were allowed to dry for 10 min at 378C prior to dissolving the stained biofilm with 230 ll of 20% Acetone/80% Ethanol solution for 10 min at room temperature. Biofilm levels were measured using the OD 570 normalized by the OD 600 (planktonic cell growth). This assay does not provide insight into the structure of the biofilm and it is possible that staining with crystal violet of cells in the two pathways studied here is not equivalent. Because cell growth was very slow in the YESCA medium, we report the 48 h rather than the 24 h results for YESCA. For LB, the amount of biofilm was seen to decrease at 48 h (compare WT plac cells in Supporting Information Fig. S2C to S2A and B or Fig. 7A ) and the dependence on flhD disappeared (Supporting Information Fig. S2C ).
b-galactosidase assays
Overnight cultures of hns-lacZ (HL1061), hns*-lacZ (SC71) and rpoS-lacZ (PM1409) containing plac, pDsrA, pDsrA*h, pDsrA*r plasmids were diluted 200-fold into fresh LB medium containing IPTG (100 lM), ampicillin (100 lM) and arabinose (0.001%) and incubated at 378C in a roller drum for 6 h. The cultures were then removed, and a bgalactosidase assay was performed as described by Miller (Miller, 1992) . PgaA-lacZ (NM750) and Dhns pgaA-lacZ (NM751) transcriptional/translational fusions were grown overnight in LB and diluted 1:1,000 in LB medium or in LB ampicillin (100 lM) for strains containing plasmids. GS0568, GS0641, GS0644 and GS0645 were grown and assayed similarly, except that 0.2% arabinose was added to the culture medium after dilution to induce the pBAD promoter. Cultures were grown in a shaking water bath at 378C and strains with plasmids were induced at OD 600 5 0.3 using 100 lM IPTG. Samples were taken at OD 600 1.5-1.8 and assayed for activity using the Miller assay (Miller, 1992) .
